Most engineering components and structures contain stress concentrations, such as notches. The state of stress at such concentrations is typically multiaxial due to the notch geometry, and/or multiaxiality of the loading. Significant portions of the fatigue life of notched members are usually spent in crack initiation (crack formation and microscopic growth) and macroscopic crack growth. Synergistic complexity of combined stress and stress concentration has been evaluated in a limited number of studies. Available experimental evidence suggests the current life estimation and fatigue damage analysis techniques commonly used may not be capable of accurate predictions for such complex and yet highly practical conditions. This paper investigates notched fatigue behavior under multiaxial loads using aluminum alloys. Many effects involved in such loading conditions are included. These include the effects of stress state (axial, torsion, combined axial-torsion), geometry condition (smooth versus notched), and damage evolution stage (nucleation and micro-crack growth versus long crack growth).
Introduction
Motivation for the research presented in this paper stems from issues related to fatigue crack initiation and growth in aging military aircraft. Due to the manufacturing processes involved in aircraft production and the necessity of aircraft structures to be as lightweight as safely possible, there are inherently a large number of notched components that make up these structures. Because of the cyclic nature of the loads experienced by these aircraft, the stress concentration effect of notches makes them likely locations for fatigue damage to occur. This is especially true of the thousands of rivet holes in the aluminum skins of aircraft such as the U.S. Navy P-3C Orion. The goal of the research is to ultimately be able to better understand and predict fatigue crack initiation and growth from notches, such as rivet holes, which are subjected to complex multiaxial service load histories. Due to the synergistic complexities involved in studying notch effects under multiaxial loading, little literature currently exists on this topic.
Earlier works (up until the mid-1990s) on multiaxial fatigue of notch components were reviewed by Tipton and Nelson [1] . Among the topics reviewed are equivalent stress and strain approaches, plastic work and energy approaches, critical plane approaches, and notch root stress-strain estimation rules. They found that more traditional fatigue life prediction approaches, such as those based on effective stresses or strains, often result in overly non-conservative life predictions for non-proportional loadings. They also reported that energy-based or stress and strain-based critical plane approaches show promise in overcoming the shortcomings of the more traditional damage criteria.
A collection of works focused on the analysis of the SAE notched shaft specimen under multiaxial loadings can be found in [2] . Tipton and Fash evaluated eight different strain and critical plane-based damage criteria. They found strain-based approaches to give non-conservative life predictions and concluded that critical plane and plastic work approaches provided better life predictions. Hoffman and Seeger performed a local stress-strain analysis based on a generalized form of Neuber's rule in [2] and concluded that the procedure accurately estimated the complete state of inelastic notch stresses and strains for proportional multiaxial loadings.
Once a crack is nucleated under multiaxial stresses, it can grow in a mixed mode manner. Many parameters can influence the mixed-mode crack growth behavior including load magnitude, material properties, mean stress, load phasing, and crack closure. Qian and Fatemi reviewed key aspects of mixed-mode crack growth as well as several prediction models and correlation parameters in [3] . Tanaka et al. [4] used low-carbon steel, thin-walled tubular specimens with a circular notch to study fatigue crack propagation under multiaxial loadings. They reported crack growth rates for torsion and combined axial-torsion loading to be higher than for pure axial loading. They attributed this to excessive plasticity ahead of the crack tip. Thomson and Sheppard [5] also found higher crack growth rates for torsion for smooth and fillet notched solid cylindrical specimens.
This paper provides an overview of significant findings from two studies [6, 7] on fatigue crack initiation and growth in notched aluminum alloy specimens subjected to multiaxial loadings. First, an overview of the experimental program is presented, followed by a discussion of key results. This discussion includes crack initiation behavior as well as small and long crack behavior. Recent results from similar investigations of notched fatigue behavior of a low-carbon structural steel are presented in [8] for crack initiation aspects and in [9] for crack growth aspects.
Experimental Program
The materials investigated in this paper are aluminum alloys 2024-T3 and 7075-T6. Both have a long history of use in the aerospace industry. Test specimens used to study the behavior of both materials were of the thin-walled tubular type. For the 7075-T6 specimens, uniform diameter tubes with an outside diameter of 70 mm and wall thickness of 2.41 mm were used. A 6.35 mm diameter circular through-thickness hole was produced in the middle of the specimen, transverse to the tube axis. For the 2024-T3 specimens, tubular specimens featured a reduced gage section 30 mm long with an outside diameter of 29 mm and a wall thickness of 1.8 mm. For notched 2024-T3 specimens, a 3.2 mm diameter circular through-thickness hole was produced in the middle of the gage section. To avoid machining marks and sharp edges, a reaming operation was used to finish all holes. This was followed by light polishing to remove any burrs. Stress concentration factors are 3.2 in tension loading and 3.9 in torsion loading for both specimens. Some smooth specimens were also produced from the 2024-T3 alloy without the transverse hole.
All fatigue tests were carried out in a closed loop servo-hydraulic axial-torsion load frame with a dynamic rating of ±100 kN axial load and ±1 kN•m torsional load. Crack initiation and growth for notched specimens was monitored via a high resolution digital microscope camera. Crack images were taken at short pauses in cyclic loading and under a static tensile load not exceeding that used during cyclic loading. For the smooth 2024-T3 specimens, cellulose acetate replication was used to monitor the damage development and cracking behavior in the specimen gage section.
Since the 7075-T6 specimens were of a uniform diameter, a number of initial tests failed due to fretting fatigue at the intersection of the gripping collet and the tube outside diameter. Therefore, a sharp notch was introduced at the edge of the hole for axial loading cases, and at 45° to the specimen axis for torsion loading cases, to facilitate crack growth from the hole. These locations correspond to the locations of maximum stress around the hole and, therefore, the natural crack initiation location. Notches were produced using a jeweler's file to a depth of around 1 mm.
Loading conditions investigated in this paper include fully reversed (R = -1) constant amplitude pure axial, pure torsion, in-phase axial-torsion, and 90° out-of-phase axial-torsion for all specimens. In addition, sequential axial-torsion tests were also performed on the notched 7075-T6 specimens
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where each load block consisted of a number of constant amplitude axial cycles followed by a different number of constant amplitude torsion cycles.
Results and Discussion
Crack Initiation Aspects. Since sharp notches were artificially created around the hole for the 7075-T6 specimens, cracks were considered to already exist at the start of these tests. Therefore, crack initiation aspects of multiaxial fatigue were studied based on experimental results from the 2024-T3 specimens only. The ability of several fatigue life prediction methodologies to accurately correlate experimental data for smooth and notched specimen tests under constant amplitude axial, torsion, in-phase axial-torsion, and 90° out-of-phase axial torsion loading was evaluated. It should be noted that all loads applied in the testing program resulted in predominately elastic behavior, even at the notch.
The nominal stress-life approach was implemented by considering both maximum principal and von Mises equivalent stresses. Notch effect was accounted for by reducing the fatigue limit stress at 5•10 8 cycles by the appropriate equivalent fatigue notch factor, K fq , and then connecting this value with the smooth specimen fatigue strength at one cycle. Predictions based on both equivalent stress criteria were unable to correlate all of the test data within an adequate margin of error, although predictions based on von Mises stress produced overall better results. For the same von Mises equivalent nominal stress, experimental lives in torsion were longer than those for axial loading for both smooth and notched specimens. Additionally, in-phase fatigue lives were longer than out-ofphase lives at the same equivalent nominal stress.
A local strain approach based on von Mises equivalent strain was also evaluated. A generalized form of Neuber's rule was employed to calculate local strain values. Although elastic-plastic FEA results for stresses and strains were verified to be in good agreement with values obtained from Neuber's rule when using equivalent stress concentration factor, K tq , it was determined that using equivalent fatigue notch factor, K fq , in its place produced better fatigue life predictions. Fatigue notch factors are commonly used in fatigue life prediction to reduce the degree of conservatism that often results when using K tq [10] . This conservatism is often attributed to stress gradient effects in the vicinity of the notch that are not accounted for in the calculation of K tq . However, the local strain approach was still unable to correlate all of the experimental data, especially in the high cycle fatigue regime and in the case of 90° out-of-phase loading.
The Fatemi-Socie (FS) critical plane fatigue damage parameter was used to correlate the experimental data from the 2024-T3 specimens as well. Stresses and strains were computed based on a combination of Neuber's rule and stress and strain component ratios obtained from elasticplastic FEA. Fatigue notch factors, K fq , were again used with Neuber's rule to reduce the degree of conservatism in fatigue life predictions that would have resulted from using K tq or FEA results directly. As can be seen in Fig. 1(a) , the FS parameter was found to be in reasonably good agreement with experimental data for all loading cases considered. Similar trends were observed for a carbon steel in [8] . Further details of all fatigue life predictions can be found in [6] .
Small Crack Growth Aspects. Crack growth aspects for smooth and notched 2024-T3 specimens were analyzed to offer insight into some of the effects involved in notched multiaxial fatigue on crack development and small crack growth. These effects include stress state (axial, torsion, and combined axial-torsion), geometry condition (smooth versus notched), and damage evolution stage (nucleation and micro-crack growth versus long crack growth).
One of the first issues examined was the notch effect and a comparison in crack behavior with smooth specimens. For smooth specimens, cracks were observed to nucleate and grow for a short distance (usually less than 1 mm) on planes of maximum shear. Then, as the cracks grew longer, they either continued to grow on these planes or, on rare occasions, they turned to grow on planes of maximum principal stress until failure. This behavior was observed for all loading conditions. Typical failure planes for pure axial and pure torsion smooth specimen tests are shown in Fig. 1(b) .
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For notched specimens, crack nucleation and growth up to a length or around 100 µm was again observed on planes of maximum shear stress/strain. However, unlike the smooth specimens, all cracks growing from the hole in notched specimens quickly turned to grow on planes of maximum principal stress (in mode I). Again, this was true for all loading conditions considered. This behavior can be seen in Fig. 2(a) for notched specimens under pure axial and pure torsion loadings.
The difference in cracking behavior between the smooth and notched specimen can be explained in terms of the crack growth mechanism for each case. In smooth specimens, a large number of cracks nucleate and grow on planes of maximum shear within the uniformly stressed gage section of the specimen. These cracks grow individually and remain relatively small until near fracture when they coalesce to form the failure crack. For notched specimens, however, only a small number of cracks nucleate on maximum shear planes at the highest stressed region surrounding the notch. Then, as cracks grow longer, they quickly turn to grow independently, in mode I, under the influence of stress and plasticity fields at their own crack tip. Fig. 2(b) shows crack length versus number of cycles for smooth and notched, axial and torsion loaded specimens. It is clear from this figure that in the case of smooth specimens, cracks are small for the majority of the fatigue life (i.e. less than 0.4 mm long for at least 90% of life) before they join together to form the failure crack. On the other hand, the data from the notched specimens show continuously increasing crack length throughout the entire fatigue life. This is representative of a single dominant fatigue crack growing to failure. Further details and explanation for such crack growth behavior are given in [7] .
Long Crack Growth Aspects. To study the effects of stress state (i.e. axial, torsion, or combined axial-torsion) on crack growth, crack growth rates were computed from the experimental data collected for both the 7075 T-6 specimens as well as the 2024-T3 specimens. Crack growth rates from fully-reversed pure axial and pure torsion notched fatigue tests of both aluminum alloys are presented in Fig. 2(c,d) . From this figure, it can be seen that crack growth rates for torsion loading are somewhat higher than those for axial loading at the same stress intensity factor range. This higher growth rate may be explained by an increased plastic zone size at the crack tip and increased crack driving force resulting from the presence of compressive tangential stress (T-stress) in torsion. Models have been proposed to account for this T-stress and one such model is implemented in [9] .
In order to evaluate the effect of static torsion on axial crack growth behavior, a fully-reversed axial test was performed with a mean torque for the 7075-T6 alloy. Results showed no significant effect of the mean torque on crack growth rates. However, a rougher crack path was observed.
For tests with combined axial-torsion loading, both in-phase and 90° out-of-phase tests showed crack growth on planes of maximum principal stress. The orientation of these planes differed between the two specimens, however, because of a different ratio of applied axial to shear stress. In Figure 1 . (a) Fatigue life curve with test data correlated based on FS damage parameter [6] and, (b) typical failure planes for 2024-T3 smooth axial and torsion specimens [6] .
(a) (b) 188 11th International Fatigue Congress general, crack growth rates for out-of-phase loadings were somewhat lower than those for in-phase loadings at the same stress intensity factor range. This slower growth rate may be attributed to crack branching and/or torturous crack paths which were observed for out-of-phase tests, but not for inphase tests. This crack branching is due to the non-proportional nature of the loading, which results in a much wider range of planes that see a high percentage of the maximum principal stress amplitude. A more detailed analysis and discussion are given in [7] .
As mentioned previously, a number of axial-torsion sequential block loading tests were performed using the 7075-T6 specimens. Load blocks consisted of 1000 axial cycles followed by 1, 10, or 100 torsion cycles. Loads were selected so that the maximum principal stress resulting from the axial and torsion cycles was nearly equal. Crack paths for these tests were consistent with those observed for pure axial loading. Crack growth rates, however, somewhat increased with an increasing number of torsion cycles. A test was also conducted with 100 axial cycles followed by 100 torsion cycles. In this case, crack growth direction was consistent with that of pure torsion loading (45° to the tube axis). Additionally, crack growth rates were similar to those for pure torsion loading. It should be noted that for cracks growing on the maximum principal stress plane corresponding to axial loading, torsion cycles do not induce a normal stress on this plane. For cracks growing on the maximum principal stress plane corresponding to torsion loading, however, axial cycles do result in a normal stress on this plane, equal to half of the normal stress from the torsion cycles. Reasons for accelerated crack growth may be explained by effects such as changes in plasticity and/or roughness induced crack closure caused by the introduction of the torsion cycles. Details of these tests, along with further discussion, can be found in [7] . Tests of a carbon steel show similar results and can be found in [8, 9] .
Summary
The findings presented in this paper may be summarized by highlighting the following key points: crack length versus normalized cycle for smooth and notched tests [7] , and superimposed crack growth rate data for (c) 7075-T6 aluminum alloy and, (d) 2024-T3 aluminum alloy [7] . (1) Crack initiation was observed on maximum shear planes for the 2024-T3 alloy in both smooth and notched specimens while crack growth occurred on maximum principal stress planes for all notched specimens. Most smooth specimens, however, showed failure on maximum shear planes due to different damage evolution mechanisms. (2) The consideration of stress gradient effects in notched members is important to making accurate fatigue life predictions (3) The Fatemi-Socie critical plane parameter, which is based on the observed damage mechanisms for the test material, was able to successfully correlate all of the test data within a reasonable margin of error. Nominal stress and local equivalent strain approaches could not. (4) A higher crack growth rate was observed in torsion, as compared to axial loading. This is attributed to the additional T-stress and the resulting larger crack tip plastic zone in torsion. (5) Crack branching and/or torturous crack paths are believed to have resulted in slower crack growth rates for out-of-phase loadings as compared to in-phase loadings. This is despite the fact that maximum principal stress was equal in both cases. (6) Axial tests with intermittent torsion cycles resulted in somewhat higher crack growth rates and shorter fatigue lives as compared to pure axial loading. (7) Comparisons between the fatigue behavior of these aluminum alloys and a structural steel show similar trends, suggesting common fatigue damage mechanisms for both materials despite their obvious differences.
